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PREFACE

The turbulence data presented in this paper were collected using
sensors known as "fat-wire microtemperature probes." These sensors were
a relatively new version of the more widely used "fine-wire" probes.

The validity of fat-wire probe data has been questioned and discussed
since a presentation of the data at an 0SA conference on turbulence in
August, 1977. The concern centered on probability distribution functions
calculated from the data, which did not exhibit the expected lognormal
behavior. Discussions on the performance of fat-wire probes have since
taken place among RADC, NOAA and AFWL. The general conclusion was that
fat-wire probe data are valid if a correction is made for the probe's
limited frequency response. In this report, the author offers three
possible explanations for the discrepancy between the theoretical and
experimental probability distributions.

The report is primarily concerned with the presentation of data and
certain analytical work. Remarks on the physical meaning of the data are
occasionally made, but final interpretation is left for the reader to

make.

The assistance provided by Major John Bradham of the Staff Meteoro-
Togy Office at RADC is appreciated. Special appreciation is expressed to
David Youmans for his efforts which kept the sensors in operation through
a cold winter.
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I. INTRODUCTION

Atmospheric degradation of an optical wavefront is an important con-
sideration to researchers concerned with the optical transmission or
reception of information. The surveillance and high energy laser commu-
nities are now developing systems aimed at minimizing the distortions
produced by atmospheric turbulence. Turbulence and beam degradation data
have helped formulate and refine the atmospheric models used as a basis
for the competent design of these systems. In fact, the collection of
turbulence data during optical experiments has become an almost vital
requirement at test ranges.

Although the collection of turbulence data during optical experiments
is an improvement in procedure over previous years, several problems
remain. To schedule the testing of an instrument under specified tur-
bulence conditions, the researcher has had to guess when such conditions
would occur. His guess would probably be based on personal experience and
the published results of a few short-term experiments. A need has there-
fore existed for several years for an experiment which would establish a
data base that related turbulence strength to local conditions, such as
time and weather. This experiment would also demonstrate an ability to
describe "characteristic" behavior (or behaviors) of atmospheric turbulence
near the ground, in spite of the atmosphere's inhomogeneous nature and
statistical nonstationarity.

A long-term experiment measuring atmospheric turbulence was therefore
conducted at the Rome Air Development Center (RADC). It was quickly

established that the "typical® diurnal turbulence cycle observed by others!
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actually depended on the local weather, in particular on sky conditions.

?f The experiment had to be terminated after four months, but much had
aiready beern learned. Monthly averages of the diurnal cycle, probability

; distributions and other statistics have been evaluated and are discussed

in this report.
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II. EXPERIMENTAL APPROACH

A. LOCATION AND INSTRUMENTATION
The data were collected at the Advanced Optical Test Facility (AOTF)

of RADC in Verona, New York. Data were collected tor the months of
i February through May, 1975. The physical layout of the site is shown in
Figure 1. The flat terrain is covered mostly by grassy fields which
5 range in height from 0.1 m in the winter to 1.5 m in the summer. Snow
reached its greatest depth at 0.6 m in February, but traces of snow were
recorded into April. Cloudy skies dominated the winter months, which was
typical for the region (see Table 1 for climatic probabilities of cloud
% cover 2). Actual weather conditions recorded at the Griffiss AFB weather
station (approximately 25 km east of the AOTF) during the months of the

experiment are found in Tables 2-6 later in the report.

i The instrumentation for the experiment consisted of microtemperature
probes, wind speed and wind direction sensors, and an ambient temperature

system. The microtemperature probes were fat~wire versions of the fine-
3,4

wire probe described in detail by Greenwood and Youmans The tem-
perature-sensing element of the fat-wire probe was a platinum wire 12.7 3
um in diameter, as compared to the 2.5 um diameter wire of the fine-wire

probe. Although the system vesponse of the twoe versions were different,

Greenwood and Spencer5 found a relation which corrected the fat-wire probe

values to give an accurate measurement of C%, the temperature structure

Nt e A AL N e

constant. The wind speed and direction systems were standard products of

the Climet Instruments Company. The wind speed sensor had a 0-5 volt

analog output, corresponding to 0-25 m/s velocities. The wind direction
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sensor was a 0-5 volt, 360 degree system. The ambient temperature system
was EG&G's Model 110S-M Temperature and Dew Point Measuring Set.

Three microtemperature probes were mounted in a triangular configu-
ration on a small tower approximately 120 meters SSE of the AQTF building
(Fig. 2). The probes were mounted in a "standing" position, with the
wire element 3 m above ground level (see Figure 3). Wind speed and
direction sensors were placed on the same tower at a height of 2.6 m.

The ambient temperature sensor was located 2 m above the ground on
another tower 26 meters SSE of the ADTF building.
B. DATA ACQUISITION AND PROCESSING

Data from the six instruments on the towers were sequentially sampled,
digitized and recorded by a "datalogger" at a nominal rate of one cycle
(six data channels) per second. The datalogger was a 12-bit system made
by Analog-Digital Data Systems, Inc. Six to eight days of continuously
sampled data were stored on a standard ten inch magnetic tape at 556 bits
per inch. A new file was marked on the tape daily (except weekends) at
1200 EST. A1l magnetic tapes were processed at RADC on a Honeywell 635/
645 computer. A modified version of a FORTRAN program written by Pattern
Analysis and Recognition Corporation6 was used to reduce the raw data to
30-minute averages. These averages included the mean and standard devi-
ation for wind speed, wind direction and ambient temperature, as well as
C% for each of the three possible probe pairings. The averages formed the
basis for almost all subsequent analysis. Appendix A examines the
“smoothing" effect of using 30-minute periods as compared to shorter 5-

minute periods.
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IIT. EXPERIMENTAL FINDINGS

A. EARLY RESULTS AND PROBLEMS

The temperature structure constant is calculated from two microtem-

perature probes from the re)ation3

-273
cf = [052 + 05" = 20437 ry; r~ 8,<rijest, (1)

2

2 and g;" are the variances of the probes with separation rij

where @

Cij is the probes' covariance, %, is the "inner scale" of Kolmogorov's
inertial subrange (of the temperature temporal power spectrum) and Lo is
the "outer scale." The inner scale is typically a few millimeters in

size, while the outer scale is on the order of height above ground. An

analysis shows that even if the two probes are not accurately calibrated,

the calculated value of C% is not affected significantly (see Appendix B).

Equation (1) applies to fine-wire probes - it does not include the
frequency response correction for fat-wire probes. Multiplying the

resuits of equation (1) by

0,182

1.2 (v/ry;) ., v/rjj<20 (2)
where v is the wind speed, yields the "corrected" value for C% from fat-
wire probes. The correction factor given by (2) underestimates the
needed correction for values of v/r>20. At v/r=20, the error in (2) is
2.7%. The error increases to 9% at v/r=40. Since the values of v/r
which occurred during the experiment were rarely greater than 40, the
correction given by (2) is considered adequate.

Analysis of initial data showed that the smoothest, moct regular
diurnal profiles of C% were obtained by selecting the c2 values from the

t

probe pairings whose line of separation was most perpendicular to the

5
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wind direction. This apparent dependence on wind/probs orientation has
been a topic of discussion for many years, but no experimental studies
have been reported. The probes were mounted in a triangular configuration
in this experiment specifically to avoid any problems with wind/probe-pair

orientation. For each 30-minute average, the computer program which re-

duced the raw data automatically picked the "best" pair of probes according

to wind direction.

The triangular configuration did not resolve other problems, however.
Spurious effects were observed when the wind was not "good" for any of
the three probe pairings - specifically, problems occurred when the wind
direction was within 15° of the angle bisector of either acute angle of
our (obtuse) triangle configuration. Similar effects occurred when the
winds were light and variable. This condition was identified by a
standard deviation for wind direction greater than 30 degrees. To avoid
the apparent wake effect problems of these two conditions, C% was cal-
culated from the single, windward probe using the relation’

¢g = 191042, ¥/3 (3)
Approximately 10-30% of the 48 averages of each day were calculated
using equaivion (3). Since the outer scale, Lga, is not a static quantity,
the use of equation (3) undoubtedly introdu-~ed an error in the calculated
value of C%. Ideally, L, would have been derived from data immediately
preceding the period when equation (3) was needed. This proved to be
impossible for such a long-term experiment. Average values of L, were
calculated instead by substituting 60 known values of C% from various
times of day into equation (3). The mean values obtained in this manner

were

¢
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Lo = 1.26 m (day)

5.42 m (night)

which only apply tc fat-wire probes. Comparison of known C% values with
values calculated from equation (3) showed that the error was usually

less than a factor of 2. Also, each daily turbulence profile was examined
to insure that the single-probe calculations remained reasonable.

Another early observation was the dependence of the daily turbulence
profile on sky conditions. The turbulence profile for each 24 hours of
data was eventually classified as belonging to three categories. Type I
turbulence, as defined here, exhibits a clear ditirnal cycle. Figure 4,

a typical example, shows the turbulence levels for the 24-hour period
beginning at noon (local standard time) on 1 February 1975 (note that
all similar references to specific dates also imply noon as the start of
the period).

For Type I turbulence, the profile peaks at midday, but it rapidly
falls off just prior to sunset. After this dip, it usually regains much
of its strength, but subsequently decreases during the night. A few
nights show a moderate peak later similar to the daytime peak.

Type I turbulence is usually associated with ciear skies, scattered

clouds or perhaps a light overcast. Type II turbulence is a degraded

form of Type I turbulence. Type II turbulence profiles are not as smooth,
with more spikes and dips. The profile for 29 April 1975 (Figure 5) is an
example. Strong midday turbulence still occurs, and the "sunset" cip

can still be identified. This type of turbulence is generally associated

with sky conditions ranging from partly cloudy to moderate overcast.




Type III turbulence profiles are even further degraded. As seen in

T
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Figure 6, the characteristic profile is difficult to identify. This type
of turbulence is usually associated with total cloud cover and possibly
some precipitation. The occurrence of precipitation makes the interpre-
tation of Type III turbulence a difficult proposition, if the values have
any meaning at all.

Examination of Figures 4, 5 and 6 reveal the characteristic features
of the different turbulence categories. Strong daytime turbulence
dominates the profiles for both 1 Feb 75 and 29 Apr 75. Pronounced
"sunset" and "sunrise" dips are also evident in both. The sunset dips
are 30 to 60 minutes before actual sunset {note that the data points are
plotted against the beginning time of each 30-minute averaging period).
The sunrise dips occur near or after the actual time of sunrise. Whereas
the sunset dip is universal to all Type I and Type II turbulence profiles,
the sunrise dip is not as common. This will be evident in the monthly
averages discussed later. The profile of 29 Apr 75 has been classified
as Type II because of its jumpy behavior between 1200 and 2000 EST, not
because of the strong nighttime turbulence. Such nighttime turbulence

was part of a trend which will be discussed with the monthly averages.

Note that about 0600, the profile is observed transitioning to Type I
again. The provile from 20 Feb 75 demonstrates the irregular behavior
of Type III turbulence, although sunset and sunrise dips might still be
identified.

Certain aspects of the experiment should be clarified before proceding

further. The classification of the turbulence "type" resulted from a

series of subjective decisions made over an extended period time. o
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No single criterion was used to distinguish between types. The decision
to use three turbulence categories was based on the desire to obtain
petter statistics than those which could be obtained from a simpler good/
bad classification. Periods of low wind speeds (below 1 m/s) were not
omittad, in contrast with short-term experiments by others. Light
precipitation sometimes occurred even in connection with Type I turbulence
profiles. The actual weather conditions recorded at Griffiss AFB Weather
Station are summarized in Tables 2-6, according to month, day, relative
time, and turbulence classification.
B. MONTHLY RESULTS

The monthly results were computed two different ways. In both cases,
the turbulence values from the 30-minute blocks of raw data were combined
into 60-minute blocks corresponding to the hours of the day. The initial
approach was to calculate the arithmetic mean ard the standard deviation
for cach period. The second approach was to obtain a median value for
each 60-minute period. The median was obtained from a discrete cumulative
probability distribution which was calculated for each period. The number
used here as the "median" is the discrete value below which lies 50 percent

of the distribution.

The monthly averages of the daily turbulence profiles were calculated
and plotted in terms of the temperature structure constant, C%. The
refractive index structure constant, Cg. can be found from these values
using a simple relation (see Greenwood and Youmans, p. 55). Wind speed
and ambient temperature associated with periods of Type I turbulence were
also averaged.

Several important findings are evident in the monthly averages of Type

9
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I turbulence (see Figures 7-14). The strength of the turbulence during
the daylight hours is, of course, the outstanding characteristic of the
profiles. As the hours of sunshine increased from February to May, the
strong daytime turbulence also lengthened. The strongest values always
occurred between 1100 and 1300 EST. The peak values of the four monthly
profiles are almost constant even though ambient temperatures change
dramatically. The midday peaks of C§ vary only between 0.48 o(2y-2/3
for March and 0.37 °C2m~2/% for February. Figures 11-14 show that the
average temperatures were over 20°C warmer in May than they were in Feb-
ruary.

Other characteristics and trends can be found in the plots of Type I
turbulence. Nighttime turbulence drops to its lowest strengths for
February and March, but it 1s stronger for the warmer months (see Figure
15). February has the lowest nighttime value of C§ with 0.004 oc2y~2/3,
while May's lowest value at night (excluding the "sunset dip") is only
down to 0.023 °C2m™2/3. If this trend continues into the summer months,
it would support the common belief that the best nights for "seeing" are

cold winter nights. The sunset dip seen in the profiles occurs at later

times as local sunset gets later. The value of this dip is fairly constant

from month to month, varying only between 0.0085 and 0.017 oga2/3,
There is no "sunrise dip" which can be clearly identifiad in all the
monthly profiles, although 1t does occur occasicnally on certain days
(see Figures 4 and 5). The strongest sunrise dip in a monthly average
occurred in April for the 0600-0700 time period (see Figure 9), which is

roughly 30 minutes after the median time of sunrise for that data.




Upon examining the averages of Type II turbulence (Figures 16-19),

E'l slightly "rougher" profiles are seen. February's profile is omitted from
= the following discussion and is addressed in the next paragraph. As ;
o E:
E ’ compared to the Type I profile, the Type II profile for March is different

by a later build-up and an earlier falloff in the daytime turbulence. The

April and May Type II profiles differ from Type I by irregular jumps in 1

the turbulence values during daylight hours. A1l three months show stronger

turbulence at night for Type II profiles than for Type I profiles, while
maintaining the trend toward stronger nighttime turbulence in the warmer
months (see Figure 20).

The February profile which has been plotted as Type II turbulence
(Figure 16) obviously does not fit the usual definition. Only three
unusual days in February were classified as Type II, so statistics are
extremely poor. Figure 16 has been included only for completeness. It
is strongly recommended that no conclusions should be drawn from any
reference to the February Type II turbulence data.

When all the turbulence types are combined for an "all weather" average,
an obvious effect takes place. The diurnal cycle of the Type I turbulence 3

profile is still exhibited, but the midday peak is weaker and the nighttime

turbulence is stronger (see Figures 21 and 24). This suggests that tur-

bulence during cloudy weather changes less from night to day. April's

"all weather" profile shows the least change from the Type I profile be- ’

Ll I T« P o

cause there were no Type III turbulence data available for that month.
That lack was probably due to the heavy rain showers in April, which would i

have broken the microtemperature probes' sensing elements more readily

than would February's and March's snows. The drastic degradation in

¥
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February's profile is due mostly to Type IIl turbulence {snow?) and oniy ’;
slightly to the Type II turbulence profile,

The standard deviations of the monthly averages of turbulence are
plotted as short dashes in many of the figures. The standard deviations g
are ofter as high as the average, which is to be expected from the non- ;
stationarity of the atmosphere. For Type I turbulence profiles, the
standard deviations tend to be the smallest (relative to the mean) during

tha day. Almost all their values at night are on the same order as the

means. The situation almost reverses for Type II turbulence, with the
smallest standard deviations occurring late at night. AIl1 the standard ;%
deviations of the "all weather" profiles are high. In the plots, the 3
smaller standard deviations indicate that similar values of turbulence
were observed from day to day, in spite of the nonstationarity of the
atmosphere. The large standard deviations introduce an uncertainty to
the average values which must not be ignored. This does not alter the ?
general interpretation of the monthly averages, but rather it reinforces
the appreciation for the statistical nature of this type of data.

Because of the large standard deviations associated with the monthly
averages, the median values were also examined. The monthly median values
of Type I turbulence are plotted in Figures 25 - 28. They show that
the medians for 4-6 hours around midday were.a1most the same as the
arithmetic means, but the nighttime median values were roughly 2-5 times
Tower than the corresponding mean values. This was expected from the
behavior of the standard deviations. For the other types of turbulence,

the use of median values instead of average values caused more noticeable

changes in the shapes of the profiles.
12
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IV. STATISTICAL ANALYSIS

A. PROBABILITY

The statistical distribution of C% values has been debated for several
years. Most of these discussions have been based on a few days of data,
whereas four months of data were collected for this experiment. It was
hoped that the question of C% distributions could finally be answered.
An initial look at the data was made for each of the three types of tur-
bulence for day versus night. The distributions were not well-defined,
so it was suggested8 that data collected around dawn and dusk be excluded.

The final analysis calculated the discrete probability distribution
function and the cumulative probability function from all the 30-minute
C% values according to turbulence type and time period. The day was

divided into the following four time periods:

night - 1900 to 0400 EST
day -~ 0800 to 1530 EST
dusk -~ 1530 to 1900 EST

dawn - 0400 to 0800 EST

The long times allowed for "dusk" and "dawn" were specified to prevent
contamination of the day and night periods by the sunset and sunrise
dips. The plots of the probability functions for Type I turbulence, Type
IT turbulence and "all weather" conditions are included in Appendix C.

After examining some of the calculated functions, it is evident that
there is no distinct lognormal distribution (since log C% is plotted, a
Gaussian distribution is the actual focus of the search). The daytime
category has a probability distribution which appears to be characteristic

for most months. The distribution is usually strongly skewed to the left,
13
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and it sometimes has a Gaussian-l1ike peak. An extreme example of this is
the daytime distribution for Type I turbulence in May (see Figure 29).

The distribution for the nighttime category are less consistent, except
that they have a much milder skew than the daytime distribution. For all
types of turbulence, most dusk and dawn categories have wide, flat distri-
butions.

The quantitative statistics associated with the distributions are
summarized in Tables 7-9. A true Gaussian distribution would have a
skewness of 0 and a kurtosis of 3. Very few of the distributions are
quantitatively close to a Gaussian form. The daytime distributions for
Type I turbulence are particularly aberrant. This was not expected. From
the tables, the distributions of log C% values which come closest to
Gaussian statistics are February's daytime Type II turbulence (described
earlier as atypical and not usabie) and March's nighttime "all weather"
turbulence. The March data is plotted on a probability scale in Figure
30. A Gaussian distribution plotted on this scale would give a straight
line. For a different perspective, the March data is plotted conventionally
with a Gaussian fit (Figure 21). This example is not bad by itself, but
unfortunately it is the curve closest to Gaussian form from all types of
turbulence.

Skimming through all the distributions plotted in Appendix C and not
consulting the statistics tables, the reader might want to pick the
distribution for May Type II turbulence at night as closest to a Gaussian
distribution. A plot of it in Figure 32 confirms that this distribution
was worse than the one picked from the tables.

To examine the difference between the observed distributions and a

14
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true Gaussian distribution, mean squared errors were calculated for the
coefficients of skewness and kurtosis. Table 10 summarizes the results.
The figures in Table 10 suggest that, for overall values. the "all weathar"
distributions are the closest to Gaussian form, while the Type I turbulence
distributions are the least Gaussian. After breaking the results down
according to time, however, the apparent differences fade. The dusk and
dawn values will continue to be ignored, since their characteristic dips
contaminate the distributions. Type I turbulence for daylight hours is
definitely the least Gaussian-like of the daytime data. The mean squared
difference in skewness is 1.50, which is due to consistently strong skews
to the left. The high error in kurtosis is almost entirely due to strongly
peaked distributions for February and May. For the daytime periods, Type
IT turbulence distributions have the iowest skewness, while "all weather"
conditions have the Towest error in kurtosis. At night, Type I turbulence
distributions are the least skewed but the worst in kurtosis. The least
error in kurtosis at night is found for the "all weather" condifions.

By now it is clearly obvious that the predicted laynormal behavior is
not confirmed by this experiment. The most Gaussian-1ike distributions
were expected from the daytime values for Type I turbulence, but these
distributions are strongly skewed. Since they show an unexpected, abrupt
cutoff of high values, the problem appears to be related to the data rather
than theory. There are at least three possible explanations for such
behavior. The first possibility is that 30-minute averaging pericds are
too long and the data is smoothed too much to observe the true distribution.
The implication is that periods of high turbulence are short-lived or at

least intermittent. Another explanation is that sampling the raw signal




’ at a rate of 1 Hz is too slow to measure high turbulence. A third

possibility contends that the limited frequency response of fat-wire

probes (approximately 0-20 Hz) simply prevants accurate measurements of

strong turbulence.

Only detailed experimental data can resolve the issue. Results from
Appendix A confirm that averaging time does affect the shape of the

distributions. By shortening the averaging times to 5 minutes, the

ol

abrupt cuto?f of the distribution lengthens out into a "tail", thereby

Pl

improving distribution shape. Sampling rate would become more important
as averaging periods were shortened to one minute or less. In 1977 Norton 3
and Waltersd reported reasonabie agreement between predicted and measured
probability distributions. Their data, also collected with fat-wire probes,
calculated turbulence strength for 10-second averages over 15 minute

windows in time. These positive results further support averaging time

and sampling rate as major factors in the analysis. The data needed to
evaluate the performance of fat-wire probes in strong turbulence is now
being collected at the AOTF. Atmospheric nonstationarity, which is another
consideration, is apparently not the probiem because it would smear out the ;
probability distributions. That would be exactly the opposite of the

effect observed. The eventual answer might be that the three factors -

averaging time, sampling rate and frequency response of fat-wire probes -

can each 1imit the measurement of strong turbulence and affect the shape

of probability distributions.

16




TR
2 ks
;

iy TR A R T

B. POWER SPECTRA

The turbulence values were next analyzed for any possible hidden cyclic
behavier, as well as for different power spectral forms according to type
of turbulence. The values of the power spectrum and autocovariance function
were calculated for 35 different daily profiles, each consisting of a full
24 hours of data. These were divided according to month and type of
turbulence to identify any common features.

The power spectrum and the autocovariance values were calculated in
the following way 10> 11. (1) a 48-point discrete Fourier transform was
applied to the input data (with the average already removed); (2) a
Hamming window was applied as a 3-point convolver; (3) the raw power
spectrum was taken to be the "modulus squared" of the resulting sequence;
(4) the raw spectrum was averaged over adjacent bands (values) two wide;
(5) the spectrum was normalized such that the total power equalled the
variance; and (6) the autocovariance was found as the inverse Fourier
transform of the power spectrum. Some of these results are plotted in
Figues 313-45,

Common features are evident ir the plots. Examining the power spectra
first, we see that Type I turbulence spectra have the sharpest and strongest
central peaks. There is usually at least one small peak in the middle
frequencies at about 0.5 he=1.  For Type II turbulence the central peak is
wider with somewhat less power, whereas the higher frequencies have more

power. For the spectra of Type III turbulence, the central peak is also

17
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wide, with more energy shifted out to the higher frequencies. These
features of the power spectra indicate that, for good weather with
corresponding "good" turbulence profiles, the C% values are dominated by

a low frequency component. This component has a period of approximately

12 hours, which (conveniently) corresponds to a day/night pattern. With
¢loudier weather, the low frequency component becomes less dominant while
the higher frequencies increase in power. The reduction in low frequencies
might reflect a lessened change between day and night turbulence. Relying
solely on power spectra of sequences of 48 30-minute C% values, though,

it s difficult to differentiate the types of turbulence.

Differences are more evident in the autocovariance function. Examining
the shape of the autocovariance functions, we see that Type I turbulence is
clearly different from the others. For Type I turbulence, the function has
a form intermediate between a Gaussian and a triangle function. Relative
to other types of turbulence for the same month, Type I turbulence also
tends to have stronger autocovariance values. Type II and Type III
turbulence exhibit a flatter form for the function, although some of the
Type 111 plots display a distinctive shape resembling the sinc? function.
The conclusion is that the regular, smooth nature of Type I turbulence
profiles is a result of a definite, positive correlation between
successive values'?. Such correlation either deteriorated or never

existed for the other turbulence types.
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V. SUMMARY

The data has now been presented and briefly discussed. The results,
which are specifically applicable to work at the AOTF, should be useful
at other locations. Yet, what conclusions can be drawn from all this
data?

First, the scheme for classifying turbulence into three basic categories
appears reasonable. The three types of turbulence are associated with
weather conditions which could almost be termed “good", "fair" or "poor".
The standard deviations of the turbulence values for monthly results were
highest for the "all weather" combination, still high for the averaje
daytime values of Type Il turbulence, but relatively low for daytims values
of Type I turbulence. The need for an intermediate turbulence form (Type
II1) is supported by the analysis of autocovariance functions, which showed
a discernible difference between Type I and Type Il turbulence in spite
of simiiarities in their profiles.

Type I turbulence exhibits some exceptional features in the monthly
profiles. The midday peak is roughly the same over four months. The
sunset dip also remains fairly constant. In contrast, turbulence strength
at night increases with the warmer wmonths. These findings should be
interesting to investigators studying turbulence from a heat budget
standpoint.

Although the probability distributions do nct display the predicted
Tognormal shape, reasons are offared which might explain the discrepancy.
The experimental curves are valid within the limitations apparently imposed
by the manner ir which the data were collected and reduced.

Other conclusions might be drawn from the data, but they are left to

19




the reader. Hepefully, this report will not mark the only use of the data.
An attempt has been made to present enough data to allow immediate use by

others who could not otherwise invest the required time and resources.
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during periods of Type I turbulence: February 1975.

31

s S B, | Wi




L o

e

R s

T T T

M

" A nn————t ¢ 3

wind speed (m/s)

temperature (°C)

-12

ot
-+
-
o
+ 4
b
o3
s
gy ..
+ o+
o+ - **
+ - e .4.—0-""4_ o+ 1
e i
-+ o+
-+~ - -
-3
"'-{-_'_
v‘—**
16 20 00 04 08 12
L o +*++* o+
- o+
o+ wt
[N
- -~
3
"‘4-.'.. J
++******* -~
+¢** -+
[N
oo
*4-,,._.;.4-
time (EST)

Figure 12, Average wind speed and ambient temperature recorded

during periods of Type I turbulence: March 1975,

32

hdANEEy, . e . 4

s B0 4 P RO

b peeon ) ERLUUENRT, I e - ——

’4




P e

\\“.a_
p—

ey e

8
4-****4.
X -
6} T
N
2 = :
g -
it * ol
'8 4t =+
o -+
2 -
Q -~
[
i KN
3 2 | odeaga - ~
e o 1
.4...._"!'_.‘ oo -
-+~
Q
12 16 20 00 04 08 12
9 o -
de
-t
>-+-0~4"4".'**.;. *
o+ L)
—~ 6| + -+
O -
O\/ - +
2 * >
3 -
2 " :
5 -
$ -+ +
OF *4-
ob** ol
TR L e -+
ohaotesk
-3
time (BEST)
Figure 15, Average wind speed and ambient temperature recoxrded

during periods of Type I turbulence: April 1975.

33

A - WA e Wl T e

Tttt SUEBNY ki S s R i T 2 s




o e 3

Aes e

TN

B L

— e e e e wwe

8
6 t
E
4t "
ot e ol
.
- ‘+¢+
2t ***+ bty bbb ]
i SO, RS *
0
12 20 00 04 08 12
21
I o+
+' + o+
18 F “+ -
-~ o+
-
o$e
15t -
e
[
b
LS o
12 ¢+ -
+ 4
o
+* -
9 L *4--4- o+
****++¢***
6
time (EST)
Figure 14, Average wind speed and ambient temperature recorded
during periods of Type I turbulence: May 1975.
34
R et e e

et T <
T P N 7 W SR

3
N

i

A\




i ) T
1
|
!

*glet Aeyw - Lrenzqeg :eousTnqans I sdLy Jo somyea Wesy G aanSTd w_
| 4
(Tsx) suts
60 90 <0 00 12 o1 Gt A m
: ; i i ! i s ; i :
N ¢
SN E8L -
5 S P8
/ N ; m
e, —C 7 - {
/// / m N H om
.
uVH /\/ i
// / i
\ \ ¥
AN ,,,_/ —0°c- 3
.f /, 1 J
LY & b3

2

S Leoo-




*¢L6l Lreniqsg :eousTnqany II odLF I0F (-) °4Asp °*P3s DuB (+4) uesy 9L 2InZIg

(Lsg) ==13
ct 80 0 00 817 St cl

e -
FRNY § TN WP S PP T & Y

36

W

s

R PR Y

Py

- .. - e e e — A e T o e A O povew - et st o




*GleL goxey :souweTnqang I odLy oz (-)

(TsE) =mil

00

cl 80

‘49D °*DP3s DUB (+) uBsy

o¢

*LL 2InITx

— a - n v Y r

37

ot

U T R S

R T

SN o, B s i Y g

N ——————————————
5

s

T e e

NS

b e e ey

AN




*¢l6l TTxdy :eomeTnqany II odLL xoF (-) °*Asp *pis pue (+) uesl °gl 2anITI

(Is¥) °wTy
2l 80 Y0 00 o2 9t 2L

M S S ey M mlo_.
o -4
i ) B 12-°¢
9
i ) 2 ®
g 4 wlor
o -
1 -
o o
e b . OO_.

% dnen W PR, - .
&zﬁﬁ&%?‘&:wﬂ: X ! e N el - - R YR L e S s e s .
PN NLiaoitn ey L N — o mm Settt s e .
2 IR S S TP O ‘ N . B
Syt S b sl daenprte e g o\ s sty o v e e s s -
S n s ey o ey e e e et L, g " '
PRTIYY il

38

fe o e e

o

S

—

s
2
5
1

Ca

P . B Y

R P,




TOMTERGRYOTEE L5

*Gl6L Ley :eoueTnqany I adLy IoX (-) *42p °"pis pue (+) wesl ‘6L 2aInITL

(Ts™) °uwT:

2L 80 0 00 02 , 91 2L

ag ag a2 v - - g v v v v v v v v - Yy r — mlor

Ot

L)
j Y

39

o o s~

SN




60

*¢l6l Lell - yoxel :eousaTnqIn} II odAy IO ssuTeA UBSN

(Tsg) °uty

”

*02 2andtd

N

S e Can S0 A mET W e N A

SN

—0°¢~

—G° L=

Ty Sot

—0° L=

—G°0~

4.

e e L i e . s e e vt

40

N -

TS T R




SRR G R ﬂwﬁ PO AR AP ST o VISR T

*GL6L ATenaqsd :,asugeem TT®, I0F (-) °*ASD °*PAS pue (+) Uesy

(TsE) ouwt3
cl 80 148, 00 0¢

- v v - v v - v v v - - v * ~ V-

*12 8andig

gt

oL

41

Rt 1

[

B

U S,




*GL6L UYOT® :,I9U3eaM TTe, J0F (=) °*A8D °Pis pue (+) wesy °2z oandIid

(ZsT) =utl
cl 80 0 00 077

9t cl

M Mlow

- -t
o -4
e e e o3 BeeeAee—& e e Oor
. o e (U RSV,
o — -
PR - - - - - D R o i R o p—— s, oty e AT
SNeob - - - o e ad S s e ’ 3 . S ol e Yo
3 Y A oot e el aant s e L . . Y " e N i

42

M SN

N Al




cl

*GL6L TTxdy :,I5Uzeem TT®, IOJ (~) *A9D °P3s Pue (+) wesy

(zs™) °uty
80 70 00 o¢ 9t

*¢g 8angTg

cl

Ot

..
*5
N 1 %4
.
po
o
s
o
5
r - -1
|, J
Ao A b A A a4, OOF
- e s A N e+ <
st eslugecngsinermnes olbfen o0 [ ipinaiiy et SR it st i i I
" : S aaiond |

43

ok A

A o Yo ma A

.




*GL6L Ley :,T2URROM TT®, IOF (-) *A8D °DP3}s pue (+) U

(osT) awTl

b

A ————— S —

‘g 2InITg

cl
MIO_‘

ot

Ot

ot

44

PRV

-




PR o

- R s g

*gleL Lxenxqeg :eousTunqang I odLy IOJ sanTeA URIPS °*6Z 3In3Td

(&sg) suta
4% 80 10 00 0¢ ) gl A
T -4“‘J“‘4‘4m10v
ﬁ -l
1 -
2
2

po N O

o T et o T

T T SN S S A T T T

s

D A ok

ot P

B 2 N+ e, e daia




*GL6L YOTBRR :eousTnqany I odAT I0I senTeA URTIPSY °92 °InITJ N

ST

(LsE) °ewTy

2l 20 40 00 02 9t 2L
o . . ) ¢-OL “
T
o N'OP
2 b g
i {
% m
X 2 ? [ ]
3
[ [
L -0t |
i
L i
!
!
b......................oor ;




*5L61L TTady :sousTnqany I odLL I0F sonTeA UBRTIPOY

(osx) swT:

*l2 sandtg

cl

mlo_‘

oL

o1

i
!

RIS

T i

47

"




*GL61L Ley teousTnqing I odAf I0F seunTes UETPIY

(Zsg) ouwtsy

*gg 2anZTd

cl

oL

oL

AN A pp— g g 4, o

N R Y A

RPNy

e Tarn e s ¢ s, adain

48

T e a4

(PN TN P S N SR

e oaarad B s




N e TS o O vyt R A L v T AT e 7
L R .ﬁﬂu(&, r Wt T T G»ur LTI AN P & N4 Y 5 CEE POy S I G KA A B0 [z A I WG O e R s £ - T — - -
. A a . G« e 7 S, RUEARE At <t S i o SR A 3 AR TR & PR R a g@,\«@w %\AM‘N‘ & w s TR T dhe T 1 g
e D - > A - " v > > - 3
- B N
o

‘sonyer SWILep ‘GL6EL LBy :(LATuo I sdLr) yySusaas sousTnAINg IO
(8utTT DITes) A3TTTqeRqOoxd eatsernmnd pue (+) £3717Ta2qoad 928I9STE °*62 9In3T4 i

AQNlENOOV NPO i
Mlom‘ bog

e

(SR

1¢°0

s Ty e e et

T S st ORI
P oy .

16°0
£4TTTqRA0Ig
419°0 3

ekt

.1\0

18°0 )

{670 ]
:

0o°i




*sanTeA 3UYgTu

‘GLEL YOXBY :,I9UjREBOM TT®, JIO0F woTjouny L317Tqeqoxd sataeTmmm) °*Q¢ 9iIndTd
£31TTqRqQOId 9
66 06 oL 0§ oO¢ ol l
1 I I 1 1§ 1T 1 1 1 T r - _0!
. ¥
vT
+
lwo
+
+
. 1¢-0t
+
)
+
+ AQNI.ENOOV
+ 3
4 .NIO_‘ NO
+
|*1
4o
...T
lwl
+
{,-0F
+
+

50

P .

R U




S T e e G

*(SUuTT PTIOS) 3TJ UeTSsue)
84T 03 Pexedmoo (sanTe4a 3YITU ‘GL61 ULIBY) senleAa S0ULTNAING ,I3YULEIMA TIVh

4
A QNIENOOV 2 e
ot mlow %lor

-0t 2~ ,

" 3 + ]00°0

4061°0

. “ . . GL°0

*l¢ 2aInsTd

A1 TTTQRA0IE

e b 26 e St e B

!
1
!
3
i
B
;
H
3




o

‘genTer AYUITU

‘glel Ley :eousnaany II odAg xoF uworjouny L4TITqRqoxd eaTyelnmnNy) *2¢ SInSIZ
£1TT0Rq02d 9
66 06 oL 0§ o¢ ]2
I 1 T T 1 1 1 [ ¢|ow
= “ mI-O—‘
AQNIENOOV
4l
i {2-0t 2 D
l*l
4@%
+
+ +
+
I {,.01
+F L=
+
+
e
+
4
IT
T
1 i 1 1 1 ! Oow

52

Rt e cmpn o n e - .

g




st fioiaiede

—
pos
L

-—

e e

]
|

IR
|
]
|
|
I
1

log PS (f)
Cov (%)
WPAKE:

sovissaraua)

.-.4 [ A A IS e A A -4
-1,0 -0,5 0 0.5 1.0 ;

£ (hr™)

Pigure 33, Power spectrum (+) and autocovariance function (-)
for 1 Feb 75 (Type I).

53 .

) 3
{ :
- - we - a8 P = — e - —— - - -
: Rz
it e et i e - adrve s e a N R St A M S WPV S . - .
o e e v e e e R A T e+ rh ere B e B




Y
domi s

' “4 A A A N A A A 4'_‘1
—-100 "0.5 O OOS 1g0 ‘é

. £ (hx™)

N L
i
i
% (hr)
. -6 5 0 3 6
. 2 : : — > 2
g 11 41
!
.3 - hannd —
k¥ — -
fi ot - - - _ 0
IE ‘- - - -
A
’ —_.
: ey
8 ~ S
o : 1>
;‘ in FY ‘1 et
! AT | -1 N
. a3 | Q
: o 3
z!. ot | )
g
o ]
+] L \ R
. "2 /& /&\ -
‘ \ M.\ \\’ \ )" \x\ P —
} /
\ N/
+\/’& \/
| __3~ __“_5
by
o
|
i
i

Pigure 34. Power spectrum (+) and autocovariance function (~)
for 7 Feb 75 (Type II, abnormal}.

N

54

L O bk Tk R bk i il IR LA AR S ; 4 i, : S ol DS

st Mot e s e ANt e Aon ot Do fe o et



-6 -3 0 3 6
2 a4 L) L] L v v 2
1} 11
Of -—— T - 0
G
-1 -1
o
[}
~
-2} -2
_3} ~3
_4 s A I\ L A 3 -4
-1.0 ~-0.5 0 0.5 1.0
f (hr™?)
Figure 35.

Power enectrum (+) and autocovariance function (-)
for 11 Peb 75 (Type III, typical).

55

COUPLN SR Y PG S5 Y

Cov (%)

<A

Lo




b
é .
t (hr)
-6 -3 0 3 6
! 2 v ' A2 ¥ ¥ ¥ ) 2
5
;-
1 11
Of —— T === — - e T T e e T — 10
o R
. G
& -1t N
i;(‘. .-O\
Q L4
o
J
A A
i - /*\Y/*\*’*\\
i _of / A% \ -2
| ;
-3 1-3
3
1
-4 A | ¢ A. A A i A —4
-1,0 ~0.5 0 0.5 1.0 [[J
£ (hr-*) i

Figure 36. Power spectrum (+) and autocovariance function (-)
for 19 Feb 75 (Type III, unusual), *
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for 16 Mar 75 (Type III).
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TABLE 1. CFLOS P{OBaBILITY (%)

Time (LST)

Month 03-05  09-11 15-17  21-23
Jan 33 35 35 35
Feb 38 39 38 39
Max 42 40 38 44
Apr 46 40 41 48
May 91 45 46 54
Jun 56 51 5 61
Jul 61 54 55 65
Aug 59 52 56 65
Sep 60 52 55 62
Oct 59 50 53 59
Nov 38 34 35 38
Dec 33 32 34 34

Note: Viewing angle is 90° elevation.
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TABLE 2, LEGEND FOR WEATHER CONDITIONS

0 Clear skies
8 Scattered clouds ( <50%)
® Broken cloud cover (50-99%)
@ Overcast (100%)
WX Cloud cover not observable
Rain
Snow

Drizzle

Haze

Smoke

R
S
L
F Fog
H
K
T Thunder
72  Freezing ... ' :
W ... Shower
B  Blowing ...

+  (heavy) 3
- (light) :
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TABLE 3. WEATHER - FEBRUARY 1975

Date Sky Precipitation Snow Depth
{(Type I Turbulence)
31 Jan 9 to 8, @ some SW- <1 cm
1 Feb 0, 9 <1

2 8 some SW- <i

3 0; later @ <1
(Type II Turbulence)

6 Feb @ frequent S-, F 22-25 cm
7 Q@ frequent SW-, BS 25

8 @ S§-, S-, BS 25-27

18 @ ¥, R-, L-, SW- 15-10
("Quiet Turbulence") .
4 Feb @ late SW~, S- <1-5 cm
5 © S5-, F 12-21
(Type III Turbulence)

8 Feb Q@ late SW- 25-27 cm
9 @ to 0 to @, © S~-, SW. 27-30

10 @ SW.., S- 30-33

11 @, @ to 0 to @ S-, SW-, F 33-35

12 @, 0, 8, WX late SW-,SW+,BS,SVW 35-50

13 v, @, @ SW- 50-55

19 @ Svl- 10

20 @ 10

26 mostly @ S <1

27 mostly @ SW- <1

28 mostly @ SW-, T, SW <1

¢
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TABLE 5, WEATHER - APRIL 1975

Date Sky Precipitation Snow Depth

(Type I Turbulence)

8 Apr @ to 0 to © 2 om

S 8,0 to ©,@ <1

10 @ to 0, © <1

11 0, © <1

14 8 to @ <1

15 @ 0

16 @, 8to O 0

21 8 to O to © 0

22  to O 0

25 0 to @ some RW- 0

28 e, @ 0

(Pype II Turbulence)

1 Apr @ 2 cm

2 @ S- 2-5

17 0 to @ some RW- 0

29 8 0 y

30 ®, b to @ late R- 0 k
4
4
4
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g'f ' TABLE 4. WEATHER - MARCH 1975

Date Sky Precipitation Snow_Depth
(Type I Turbulence)
4 Mar 8, brief 8,@,0 some SW- 2 cm
7 0, @ SW-, R- 2
8 8, O 2
9 8, 0 to ®, @ 2
10 @ S 2
13 ®, 0 to @ <1
26 @ %o O some SW- 0
27 0 to 8, ® 0
(Type II Turbulence)
5 Mar @ SW-, S, S- <1-7 cm
6 @ 35— 4
11 0, @, @ <1
18 @ late LW- <1
25 @ L, F, SW- <1
28 8to @ 0
31 @ .2
(Type III Turbulence) %
14 Max @ SW-, S~ <1-T7 cm
15 ® to 0 to @ 7-5
16 @ to 0 <1 "*
17 0 to @ <1 !
20 @ to O <1
21 8 to @ ZRW- 0
22 @ R-, L- 0
23 8 to @ late R~ 0 ‘
24 @, some ©,8 F, brief RW~ 0 j
28 @ late ZR-, F 0
29 @ F 0
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TABLE 6., WEATHER - MAY 1975
Date Sky Precipitation Snow Depth 3
(Type I Turbulence) ;
2 May ® to 0,6,8,@ 0 all month 3
3 8, ® to @
4 @ early R-
5 ® to 0 to 6,0@ 3
9 8 to O to 6 4
10 9 to O to 9
11 6to @ 1
14 9,0 to 0 to @
16 ®, @ to 0 H, F
19 8 to 0 to @ H
21 ® 1
(Type II Turbulence) ;
7 May 8to O K
13 ® to 0 to @ some T
22 9, @, @ O F, H :
23 @ to 0 to ©® F, E
24 ®,sone 0,6,0@ early TRW-
25 g, ®
27 @ to O,some @
28 0 to )
29 o, o late RW-
(Type III Turbulence) °
1 May 0 RW-, F 7
6 @ RW-, R-, F -
12 ) RW-, F .
17 ® to @ ‘
18 @ F, H
(continued)
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i
TABLE 6, (continued)
1
: Date Sky Precipitation Snow Depth
- 20 May @ to 8to © H, F 0 all month
g 21 @ H
. 26 e, 0 late RW-

a 30 @ ¥, some TRW-
g 39 @ TRW-, RW-, H, ¥

b
F
S 1
E
&
?w
5§
X
-
E
it
L1
5

TR
o

4
e |
3
>
13 4
:. .
2
x
as]
o
3
k
E
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TABLE 7. STATISTICS FOR LOG Ct2 (TYPE I TURBULENCE)

Month Time # Pts Mean Std Dev Skew Kurtosis
Feb night T2 -2.1293 0.5818 -0.0193 1.8721
day 59 -0.7599 0.4071 -1.4601 4.7501

dusk 28 -1.5885 0.4554 -0.7393 2.3638

dawn 32 -2.2593 0.6082 -0.0373 2.2389

Mar night 157 -2.3290 00,6027 -0.2786 2.1450
day 109 -0.7031 0,5226 -0.8821 3.0298

dusk 63 -1.8647 0.6043 0.5247 2.4447

Jdawn 56 ~-2,3422 0.6345 0.3018 2.4577

Apr night 180 -1.6654 0.4278 -0.3780 2,9456
day 150 -0,7913 0.6151 -0,.8924 3.1236

dusk T0 -1.5856 0.5%69 0.1467 2.0468

dawn 7 -1.7922 0.5187 0.2501 33,1293

May night 198 -1.4911 0.5369 -0.1877 2,3367
day 138 -0.5602  0,3703 -1.5192  5.9714

dusk 11 -1.5285 0.4634 -0.2176 2.9851

dawn 85 -1.6567 0.5986 0.0812 2.5258




TABLE 9, STATISTICS FOR LOG Ctz ("ALL WEATHER")

3 Month  Time # Pts Mean Std Dev Skew Kurtosis
§ ] Feb  night 303  -2.1218  0,6750  0,0603  2,3967
il day 244  -1.6349  0,7631  0.2102  2,1841
§ dusk 117  -1.8117  0.5895 -0.2495  2,6038
: dawn 136  -2.2997  0.7113 -0.0420  2,3398
§ Mar  night 425  -2,0482  0,7496  0,1822  3,1892
L day 294  -1.1210  0.8219 -0.3946  1.9218

dusk 160 -1.7303 0.6911 0.0951 2.2917
dawn 163 ~-2.1935 0.7008 0.2681 3.3321
Apr night 249 -1.6394 0.5079 -0.2778 3.3083

s

[ day 206  -0.8155  0,6286 -0.8228  2,9301
¥ dusk 98  -1.6653  0.6370 -0.0915  2.4126
dawn 101  -1.,7850  0,5109  0.1018  3,0319

May  night 501  -1,5387  0,5728 -0.6395  3,1334

day 373 -0.8524 0.6315 -1,1269 3,6039

dawn 199 -1.7145 0.6337 -0.2969 53,0355
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TABLE 10,

MEAN SQUARED ERRORS

Turbulence Time Skew Kurtosis
Type I night 0.0640 0.6115
day 1.5036 2.97T1

dusk 0.2227 0.4055

dawn 0,0404 0.2787

all 0.4576 1.0682

Type II night 0.1630 0.3202
day 0.4582 0.8739

dusk 0.,0338 0.7141

dawn 0.1362 0.2361

all 0.1977 0.5361

"All Vieather" night 0.13507 0.1282
day 0.5367 0.5494

dusk 0.0473 0,.3421

dawn 0.0430 0.1371

all 0.1894 0.2664
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APPENDIX A - AVERAGING TIMES
I. THE EFFECT OF AVERAGING TIMES ON THE TURBULENCE PROFILE

Late in the experiment a question arose concerning averaging times.
The question originally came up with respect to unexpected results in
the probability distributions, but it was also unknown what effect the
long averaging time had on the characteristics of the diurnal profile,
especially on the magnitude of the sunset dip. The 30-minute time period
for evaluating turbulence levels from raw data had been specifically
chosen to "smooth out" the effects of turbulence intermittency.

The 48-hour period beginning 1400 EST, 9 May 1975, was studied to
determine the effect of averaging time on profile shape. This particular
period was picked because it was the longest segment of raw data collected
under good weather conditions still available at the time of this analysis.
Good weather conditions were required because they gave the "best" tur-
bulence profiles. The strong peaks in the nighttime turbulence were an
interesting byproduct of the choice, but not a determining factor. The
raw data were reduced to 5-minute periods in addition to the usual 30-
minute periods (see Figures A1 and A2).

Comparing Figures Al and A2, one immediately sees that the longer

averaging period effectively low-pass filters the data. The result is

helpful for observing trends, but it appears that the sharper spikes and
dips in turbulence are lost. The longer time averages tend to follow the

spikes more closely than the dips of the shorter time periods. The item

3 acieas:

of interest, the sunset dip, changes substantially between the two averaging

periogsg For 5-minute periods, its values are 1.6x10"3 and 2.0x10-3
2 =

P TE « S

°Cm (for 9@ May and 10 May, respectively), versus 30-minute values
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of 4.8x10"3 and 1.25)(10'2 °Cm / . The daytime turbulence values are

-2
not affected as much, but several spikes stronger than 1.0°C*m /3 are

"Tost" in the longer averages.

II. THE EFFECT OF AVERAGING TIMES ON PROBABILITY DISTRIBUTIONS

The probability distributions calculated from 30-minute averages of
raw data did not exhibit the lognormal shape predicted for daytime Type I
turbulence. Three possible reasons were hypothesized, of which one was the

length of the averaging period. To examine this possibility, a 70-hour

period of data, collected under good weather conditions beginning at 1400
EST on 9 May 1975, was analyzed.
The raw data were reduced to 5-periods, from which the usual probabil-

ity distributions were calculated. The statistics for log C% are given below:

mean std skewness Kurtosis # pts
night -1.5331 0.6258 -0.1130 2.0511 324 i
day -0.5803 0.3407 -0.6906 3.5373. 240
dusk -1.6163 0.5379 -0.4286 2.1706 126
dawn -1.5624 0.6247 -0.3880 2.2358 144 i

The numbers suggest that the daytime distribution was significantly improved
by using S-minute averages, whereas the nighttime distribution flattened, ]
almost to the point of becoming a perfect uniform distribution (compare

Figures A3 and A4 with C10 and C11). The cumulative probability distri-

butions of the 840 consecutive 5-minute values and the month of 30-minute
values have been plotted on a probability scale in Figures A5-A8. Figure
A5 has the characteristic shape of a uniform distribution. A comparison of 1
Figures A5 and A8 shows that the distribution for the 5-minute values lies K

much closer te a straight line (a Gaussian distribution). It appears, then,
79




that the long 30-minute periods do 1imit the ability to "observe" strong

turbulence. .

i
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Figure A1, Turbulence values for 9-11 May 75: 30-minute
averages.

81

14




T PR R T P
g

LI

10

4
L
}
- '
. i
M
! E
v Q
§ [\
L !
Pt =
. (\é) 1 _1 |
= s 10
' ~r
i ﬂ
. o~
1 P
1

ks

. o

I |

' ‘t 2 r i

o] 107 L

| ' \

10‘3 N . . s ) N " R N R
14 22 06 14 22 06 14
time (EST)

, Figure A2. Turbulence values for 9-11 May 1975: S-minute

i averages.

82

5%




oL

*soFegese o3nuUTU~G :(sonTes 3UTTU) GL6L LB LL-6 I0F sousInqiung
Jo (PutT PITOs) A3TTTqeqoxd saTieTmmnd pue (+) £1TTTqeqoxd 8328I0SIC

(e-Tedp) 5 0

L

0L

+
oo

4

+ +

+

gm.o

0°1

S e o ey e s R M e e e e s

s i

2 S ata e wuwes e

i duiar

£aTTTQRQ0Z

83




*goFeaosr srnuTw-¢ :(sounres Lep) GL6L £BR LL-6 IOF 2ousTnqIng
Jo (B8utrl PTTOs) £3TTTqeqoId 2ATIETNUNO PUB (+) £3tTTqRqOoad 838x08T@ VYV 8aIn3Td i

1
A QN....E NUO v 2 0
ot ot mIOv

. 0°0

2

¢°0 “

S0
£3T1TTQRQOI]
9°0

4

L°0

8°0

L

16°0

0"l !

[T T - m—— &, S e S D —— R
5 <

S b : m.,r.w.

R VI UPTon W NUY.) PRSP AT )




Ty

M Al
) o

*‘safeIoAe ajnuTw-§
:(soutes yITu) ¢l6L LN L1-6 I0F uwoTrouny L3TTIqeqoxd saTjeTnmR) Gy 8InITI

£311TqRqOId 9%

66 06 oL 0s 0¢ ol L
1 i T 7 1 1T 1 T 1 1 ] 1 ¢Ot
+
i
b o
4o
+
+
+-
D N NlOv
+
+
+ w0
+ o
g
4o ( ve-T wDOV
+ 2
i te 1 _\IO_‘ VA 9]
+
§ +
s 2
o*l
+
- - OO_‘
L ! { [ TR S N | 3 3. 1 _‘O_‘
e N st S B i i g e s ‘.mm\;‘,n. - ‘»”,Mi T s e
4 Sieviaie v Pooes sl




. N i IR TR LR A - »
*sadeIoA® 23NUTH-G
:(seutea £Lep) GL6L LBH (-6 I0F uoTioung £a1TTqRqOId sATseTMmN) 9V 2aINITI
L9 TTTqRq0ad 9
66 06 oL 06 0¢ ol 1
1 I T 1 1 1 1 1 1 1 muoe
.Nnov
+
+
+
+
+
+
+ (ere~Uadg)
+ F 3
3o
3
+
+
+
+
IT
+
+ 1 o0t
1 1 N N SRS DU 1 1 1 ol

86




3YSTU)

*safegoAr srnuTw-Q¢ :(SenTeA

souaTngIng T 2dLy ‘glel Lew 03I uotaouny A3TTTqRqcad sATjeInEN)

L311TQRqOId 9

R T

- % . .
segiptati s Yo S8 aedy

oL (0] 0¢ 0] 4 b
/R B R A B ] [ m..o_‘
+
+
+
+
+
\MO
+
te
+ 12-0t
+
+
+
+
+
+
+
+
1.-0t
. oo_‘
| SR TS TS D | | 1 1 _‘Ow
PR T »

* LY 8angTg

87




£ep)

66

06

£a1Trqeqoad o

oL

(0]

0¢

2

*sofeaosr 24.nUTH-Q¢ :(SaNTeA
sousTnqaIny T adLy ‘gLEL £Lel Io0F uorrouny A3ITTqERqOId SATLERTNEN)

++

mlor

ol

oL

ol

ol

‘gy aansTd

88




?? APPENDIX B - SENSOR NORMALIZATION ERRORS

The length of the thin platinum wire which is used as the temperature

sensing element of microtemperature probes varies slightly from unit to

unit. This causes the probes to have different gain factors, which results

by in nonuniform voltage-to-temperature conversions. The resistance of the
§§ platinum wire is measured and compared to a standard value for normalization.
5 If the resistance measurements are in error for any reason, the probes will
“‘? not be correctly normalized. It was feared that this could grossly affect
~§ the calculation of C%. The following analysis explores the problem.
! Since the probe voltage is AC coupled to ambient temperature changes
g % (the timr constant is approximately 100 sec),
1
' E < voltage > x 0 (B1)
9 or, since the temperature T is directly proportional to voltage,
. i <T> =0 (B2)
| Then
0 = < (1), (83) j
: 4
! (1) = < (T 1)2 >, (B4) 1
4 and j
| c, =< (T) (1Y) > (85) |

where the primes indicate values affected by normalization errors. WHe

can write

(T.')% = (T)% (1) (86)
2 2

where € accounts for possible differences between probe calibrations. C%
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is related to the temperature variances and covariances by

CZ

2
< 2 ' - 1
£ “ O + (02 ) 2C12 (87)

From B4-B6 we find that
(02')2 = 022 (1+e) (B8)
and

c.'= 012(1*5)1/2 (B9)

Substituting back into B7, we have

2 o 42 2 - 1/2
Ct ol +o, (1+¢) 2C12 (1+e) (810)

If it is assumed that ¢ is "small", then

1/2
(1+e) © =~ 1+(e/2) (B11)
Note that for ¢ as large as 0.5, the approximation is less than 3% in error.

Using (B11), (B10) becomes

2 o 2 2 -
ct o, + o, (1+¢) 2012(1+% )

=6 2+g2-20 +¢elc?C ) (R12)
1 2 12 2 12

The error has now been isolated to a single term. Suppose the desired

accuracy is only 25%; then

2 _ 2 4o 2 _
e(o2 Clz) < (0l o, 2C12) /4
or 2

o +0?2-2€
<1 2 12

2—
4(02 sz)

From turbulence theory, we expect 012 ~ 022 for sufficient averaging times.

€
(B13)

Equation (B13) then becomes

g? + 012 - 2C

1 12
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PRSP,

262 - € )

1 12

2—
4(01 CIZ)

0.5 (B14)

Under the assumptions which have been made, errors in sensor cali-
bration up to 50 percent will cause less than a 25 percent error in the
calculation of Ctz. Such a gross error in normalization is unlikely; a 10
percent error is more plausible. This would result in an error in Ctz of
only 5 percent. Therefore, normalization errors should present no problem

to data analysis.

N




APPENDIX C - PROBABILITY DISTRIBUTIONS

This appendix contains the plots of the probability distributions.
The distributions were calculated for each turbulence type from the 30-
minute C% values, divided into night, day, dusk and dawn. The cumulative
probability functior (CPF) is plotted as a vontinuous line, while the
discrete probability function {DPF) is plotted as a sequence of points
which give the probability of a value occurring within the discrete
interval around that point. Another common function, the probability
density function, can be easily calculated from the discrete probability
function by dividing the probabilities by the interval (width) that each

point represents.
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MISSION
of
Rome Atr Development Center

RADC plans and condunts research, exploratory and advanced
development programs in command, control, and communications
(C3) activities, and in the €3 areas of information sciences
and intelligence. The principal technical mission areasg 0,
are communications, electromagnetic guidance arnd control,
survelllance of ground and aerospace objects, intelligence

data collectlon and handling, information system technolcgy,
lonospheric propagation, solid state scilences, microwave
physics and electronic reliability, maintalnability and
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compatibillity. %
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